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Abstract With the increasing number of detected exoplanet samples, the statistical 
properties of planetary systems have become much clearer. In this review, we sum- 
marize the major statistical results that have been revealed mainly by radial velocity 
and transiting observations, and try to interpret them within the scope of the classical 
core-accretion scenario of planet formation, especially in the formation of different 
orbital architectures for planetary systems around main sequence stars. Based on the 
different possible formation routes for different planet systems, we tentatively classify 
them into three major catalogs: hot Jupiter systems, standard systems and distant giant 
planet systems. The standard system can be further categorized into three sub-types 
under different circumstances: solar-like systems, hot Super-Earth systems, sub-giant 
planet systems. We also review the planet detection and formation in binary systems 
as well as planets in star clusters. 

Key words: Planetary systems: dynamical evolution and stability — formation — 
planet-disk interactions — stars: binary: general — clusters: general 

1 INTRODUCTION 



Since the discovery of a giant planet by radial velocity measurements in 51 Peg by 'Mayor & Ouelra 
(Il995i) . as well as the planets around 47 UMa and 70 Vir ( Butler & Ma rcy 1996; Marcv & Butlei 
Il996l) . the new era of detecting exoplanets around main sequence stars was opened at the end of 
last century. Now exoplanet detection has become one of the most rapidly developed area. With the 
development of measurement techniques, the precision of ra dial velocity(RV) c an be better than 0.5 
ms~^ with the HARPS spectrograph at La Silla Observatory (iMavor et al.l2003l) . making possible to 
detect Earth-sized planets in close orbits around bright stars. The detection of transiting signals when 
exoplanets pass in front of their host stars has become another powerful method in searching for 
planet candidates, especially after the successful launch of CoRoT and Kepler . The unprecedented 
high precision of photometric observation lOppm) and long-duration continuous observation (up 
to years) achieved by space missions make transits an ideal tool to detected near-Earth-sized planets 
around solar type stars. 

To date, around 780 exoplanets have been detected mainly by RV measurements, with more 
than 100 multiple planet systems^. The first 16 months' observation of the Kepler mission revealed 
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more than 2321 transit candidates, with 48 candidates in th e habitable zone of their host star^ 
( iBorucki et alfcOlll iBatalha et al.ll2012l: iFabrvckv et alll2012l) . 

The study of planet formation can be traced back to the 18th century, when E. Swedenborg, 
I. Kant, and P.-S. Laplace developed the nebular hypothesis for the formation of the solar sys- 
tem. At that time the solar system was the only sample of a planetary system. The architecture 
of the solar system implied that it was formed in a Keple rian disk of gas and dust (for reviews, 
see IWetherilllll 9901 : iLissaueJil 9951 : ILin & Papaloizoull 19961) . With the discovery of more exoplanet 
systems, planet formation theory has developed dramatically. For example, the discovery of hot 
Jupiters(HJs) st imulated t he cla ssical migration theory of planets embedded in the proto-stellar disk 
jLin & Papaloizou 1986, ,19961) . the mo derate eccentricities of exoplanet orbits remind us the planet- 
planet scattering(hereafter, PPS) theory (iRasio & Fordll996h . and the observatio n of sorae HJs in ret- 
rograde orbits extends the classical Lidov-Kozai mechanism to eccentric cases (lKozailll962LlLidovl 
[l962; Naoz et al. 2011b). Through population synthesis, N-body and hydrodynamical simulations, 
the planet formation processes have been well revealed but are still far from fully understood. 

In this paper, we focus on recent processes in the theory of detection and formation of solar type 
stars, either around single stars (Section2), binary stars(Section3), or in star clusters (Section4). 



2 PLANETS AROUND SINGLE STARS 
2.1 Overview of Observations 

2.7.7 Planet Occurrence Rate 



The occurrence rate of gas-gia nt exoplanets around solar-type stars has been relatively well studied. 
iTabachnik & Tremaind ( |2002|) fitted 72 planets from different Doppler surveys, and found a mass 
(M)-period (P) distribution with the form of a double power law, 

dN oc M"P^dlnMdlnP, (1) 



after acc ounting for selection ef fects. They obtained a = —0.11 ± 0.1, and /3 ~ 0.27 ± 0.06. 
Recently, ICumming et al.l ( l2008h analyzed eight years of precise RV measurements from the Keck 
Planet Search, including a sample of 585 chromospherically quiet stars with spectrum types from F 
to M. Such a power-law fit in equation ([T]i for planet masses > 0.3A/,/ (Jupiter Mass) and periods 
< 2000 days was re-derived with a -0.31 ± 0.2, and /3 = 0.26 ± 0.1. They concluded 10.5% of 
solar type stars have a planet with mass > O.SMj and period 2 — 2000 days, with an extrapolation 
of 17 — 20% of stars having gas giant planets within 20 AU. 

Based on the 8-year high pr ecision RV survey at the La Silla Observatory with the HARPS 
spectrograph, iMavor et al.l (1201 lb concluded that 50% of solar-type stars harbor at least one planet 
of any mass and with a period up to 100 days. About 14% of solar-type stars have a planetary 
companion more massive than 5OA70 in an orbit with a period shorter than 10 years. The mass 
distribution of Super-Earths and Neptune-mass planets is strongly increasing between 30 and ISM^, 
indi cating small mass pla nets are more frequent around solar type stars. 

[Howard et al.l ( 1201 Ol) calculated the occurrence rate of close planets (with P < 50 days), based 
on precise Doppler measurements of 166 Sun-like stars. They fitted the measures as a power-law 
mass distribution, 

df 0.39Ar°-^^d log M, (2) 

indicating an increasing planet occurrence with decreasing planet mass. It also predicted that 23% 
of stars harbor a close Earth-mass planet, ranging from 0.5 to 2.0 Mq (Earth mass). 



^ http://kepler.nasa.gov/,and hereafter in the paper 
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With 12 years of RV data with long-term instrumental precision better than 3ms~^, the Anglo- 
Australian Planet Search targets 254 stars, and estimates an occupance rate of 3.3% of stars host- 
ing Jupiter analogs, and no more than 37% of stars hosting a giant planet between 3 and 6 
AU dWittenmver et al. 1 1201 lal) . Their results also reveal that the planet occurrence rate increases 
sharply with decreasing planetary mass. In periods shorter than 50 days, they found that 3.0% of stars 
host a giant (m sin z > lOO Mm) planet, and that 17.4% of stars host a planet with (m sin i < lOAfg) 



dWittenmver et al. 201 Ibl). Mo reover, the lack of massive planets (> 8A/jup) beyond 4 AU was 



reported in Boisse et al. I (1201 2|) . although with less th an 20 RV detected cand idates at the moment 



Such a distribution agrees with population synthesis dMordasini et al.ll20012l) , where they showed 
that a decrease in frequency of massive giant planets at large distance (> 5AU) is a solid prediction 
of the core-accretion theory. 

Transit observation s from the Kepler spacecraft give qualitatively similar results. 
[Howard & Marcvl (1201 lb checked the distribution of planets in close orbits. For P < 50 days, the 
distribution of planet radii (R) is given by a power law, 

df = k{R/RQ)°'d\ogR (3) 

with k = 2.9^0 4 and a = —1.92 ± 0.11, and i?^ is the Earth radius. They find the occurrence of 
0.130 ± 0.008, 0.023 ± 0.003, and 0.013 ± 0.002 planets per star for planets with radii 2 - 4, 4 - 8, 
and 8 — 327?^ respectively. 

The rapid increase of planet occurrence with decreasing planet size indicates the presence of 
Super-Earth and Neptune size cases are quite common. Although this agrees with the prediction 
of the conventional core-accretion scenario, it conflicts with the results predicted by the population 
synthesis models that a paucity of extrasolar planets with mass in th e range 10 — lOO Mm and semi- 
major axis less than 3 AU are expected, the so called 'planet desert' dlda & Linll2004l) . 

2.7.2 Stellar masses of planet hosting stars 

Kepler results also revea led a correlation betwee n the planet's occurrence with the effective temper- 
ature (Toff) of host stars dHoward & Marcvl201 lb . The occurrence rate / is inversely correlated with 
Teff for small planets with Rp = 2 — 4i?0, i.e., 

/ = /o + fc(reff - 5100X )/1000/i, (4) 

with/o = 0.165 ±0.011 and fc -0.081 ± 0.011. The relation is valid over Tes = 3600 -7100^:, 
corresponding to stellar spectral typed from M (< O.45M0, solar mass)to F(1.4M0). This implies 
that stars with smaller masses tends to have small size planets. 

However, the occu rrence of planets with ra dii larger than 4i?0 from Kepler does not appear 
to correlate with Tes dHoward & Marcvl I2OIII) . This is in contrast with the observation by RV 
measurements. In fa ct, a much lo wer incidence of Jupiter-mass planets is found around M dwarfs 
dButler et al. 2006; Michael et alj|20 06: Johnson et al. 200 7 ,). and highe r mass stars are more likely 
to host giant planet s than lower-mass ones (e.g., iLovis & Mav"o3l2007l: IJohnson et al]|2007l l201oi: 



to host giant planet s than lower-mass ones (e.g., ILovis & MavonlzUU /[ IJohnson et al.ll/UU/L UUlUt 
iBorucki et al.ll201 1|). The result i s compatible with the prediction in the core accretion scenario for 



planet formation dLaughUn et ai1l2b04; Ida & Lin.2005; Kennedv & Kenvon.2008.) 



2.1.3 Metallicity Dependence 

It has been well-established that more metal-rich stars have a higher probability of harboringa 



giant planet than their l ower metallicity counterparts dGonzalez 



iFischer & Valentill2005l: lUdrv & Santosll2007l: ISozzetti et all 120091; ISousa et alj|201 it) . The occur- 



1997t iSantos et al 2001. 2004 



rence rate increases dramatically with increasing metallicity. Based on the CORALIE and HARPS 
samples, around 25% of the stars with twice the metal content of our Sun are orbited by a giant 
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Period Statistics of the RV Exopianets 



Period statistics of ttie Kepler Exoplanet Candidates 
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Fig. 1 Distribution of exopianets detected by RV measure(left, |http://exoplanet.eu^ , and 
candidates by the Kepler mission (right, http;//kepler.nasa.gov/). 



plane t. This nu mber decreases to ^ 5 % for solar-metallicity cases dSousa et al ] l201lUMavoret al.l 
I2OI lb . Recently. iMortier et al.l ( 1201 2h showed the frequency of giant planets is (/ — 4.48 



+4.04 
-1.38 



%) 



around Stars v/ith[Fe/ H] > —0.7, as compared with / < 2.36% around stars with [Fe/H] < —0.7. 
Curiously, no such correlation between planet host rate and stellar metallicity is observed for the 
lower-mass RV pl anets, and the stars hosting Neptune-mass planets seem to hav e a rather flat metal- 
licity distribution dUdrv et al.ll2006HSousa et al.ll2008[|201 UlMavor et al.ll201 ll) . 



By re-evaluating the metallicitv. IJohnson et al.l ( l2009t) find that M dwarfs with planets appear to 
be systemati cally metal rich, a result that is co nsistent with the metallicity distribution of FGK dwarfs 
with planets. ISchlaufman & LaughlinI (1201 ih find that star hosting Kepler exoplanet candidates are 
preferentially metal-rich, including the low-mass stars that host candidates with small-radius , which 
confirms the correlation between the metallicity of low-mass stars and the presence of low-mass and 
small-radius exopianets. 



2.1.4 Mass and Period Distributions 

Figure 1 shows the distribution of planetary orbital periods for different mass regimes. 705 planets 
detected by RV measurement and 2320 candidates revealed by the Kepler mission are included. 
Several features of the mass-period distribution have been well known and widely discussed in the 
literatures. However, it seems that the distribution features from RV detected exopianets are slightly 
different from those of Kepler candidates. 



- All kinds of RV pla nets show a "pile-up" at orbital periods 2-7 days (e.g.. iGaudi et al.l [20051 : 
iBorucki et al.ll201 lb . while Kepler results show that Jupiter-size (> 6Rq) candidates are more 
or less flat up to orbits with > 100 days; Neptune-size {2Mq < Rp < 6Rq) and super-Earth 
candidates {1.25AIq < Rp < 2R^) peak at 10 — 20days. Both of them are more abundanct 
relative to Jupiter-size candidates in the period range from one week to one month(Borucki 
et al. 2011). Extrapolating the distribution by considering the (Rp/a) probability of a tran- 
siting exoplanet could extend these peaks to a bit more distant orbits. Earth size or smaller 
candidates(< I.25M0) show a peak of ^ 3 days . 

- RV planets show a paucity of massive planets (71/ > lAf, 7) in close orbits dUdrv et al.ll2"002i 
12003; .Zucker & Mazeh|[2002t iZucker& Mazeh.,20()3i) . and a deficit of planets at intermediate 
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orbital periods of 10 - 100 days djones et al.l [20031: lUdry et all I200I iBurkert & Idall2007h . 
However, this is not obvious as Kepler results show at least several tens of candidates with 
the radius lying in the 10 — 20i?© line within 10-day orbits, and the distribution extending to 
100 days is rather flat. (Fig.l). The lack of all types of planets with orbital periods ~ 10 — 1000 
days observed by RV is clear, but from Kepler results, the lack of planets with period > 100 
days is also shown, possibly due to the observational bias (Fig.l). RV observations from the 
Anglo- Australian Planet Search indicate that, such a lack of giant planets {AI > lOOAf^) 
with periods between 10 and 100 days is indeed real. However, for planets in the mass range 
10 — l OOMffl, the results sugge st that the deficit of such planets may be a result of selection 
effects dWittenmver et al. II2OI0I) . 



2.2 Hot Jupiter Systems 



The HJ class is referred to a class of extrasolar planets and has mass close to or exceeding that 
of Jupiter {Mp > O.lil/j, or radius > 8i?© for densities of 1.4g/cm'^, a typical value of gas gi- 
ants with small rocky cores), with orbital peroids < 10 days (or a < 0.1 AU) to their parent stars 
dCumming et al.ll2008t iHoward & Marcvl201 it IWright et alJl2012h . According to this definition, the 
RV exoplanets have 202 HJs, while Kepler candidates have 89 HJs. HJs are notable since they are 
easy to detecte either by RV or by transit measurem ents. For example, the fi rst exoplanet discov- 
ered around 51 Peg was such a close-in giant planet dMavor & Ouelozl[l995l) . Transiting HJs also 
give us inf ormation about their radii, which is crucial for understanding their compositions(e.g., 
iFortnev et al . 2003; Sar a & D rake 2010 ). However, with the increase of RV precision and the num- 
ber of detected ex oplanets, HJs are found to be in fact rare objects (e.g.. ICumming et al.l 120081 : 
IWright et al.ll2012l) . More interestingly, some HJs were observed in orbits that are retrograde with 
respect to the spin direction of their host stai's(e.g.. lWinn et"ai1l2010l) . indicating that their formation 
process might have been quite different with that of our solar system. 



2.2.1 Occurrence rate and distributions 



iMarcv et~ai1 ( l2005al) analyzed 1330 stars from the Lick, Keck, and Anglo- Australian Planet 
Searches, and the r ate of HJs among FGK dwarfs surveyed by RV was estimated to be 1.2 ± 0.1%. 
iMavor et al] (1201 lb used the HARPS and CORALIE RV planet surveys and found th e occurrence 
rate for planets with M sini > 50A/® and P < 11 days is 0.89 ± 0.36%. Recentlv. IWright et alj 
(12012) used the California Planet Survey from the Lick and Keck planet searc hes, and found the 
rate to be 1.2 ± 0.38%. These numbers are more than double the r a te rep orted bv [Howard & Marcvl 
(l201lh for Kepler stars (0.5 ± 0.1%) and the rate of iGould et all (|2QQ6|) from the OGLE-III tran- 
sit search. The difference might be, as pointed out by Wright et al.l ( 20121) . that transit surveys like 
OGLE and Kepler (centered at galactic latitude b — +13.3°) probe a lower-metallicity population, 
on average, than RV surveys. 

Previous RV measurements show that, there is a sharp inner cutof f in the three day p ileup of 
HJs. They appear to avoid the region inward of twice the Roche radius ( lFord& Rasioll2006l) . where 
the Roche radius is the distance within which a planet would be tidally shredded. However, recent 
RV detected exoplanets and Kepler candidates indicate the presence of more than 200 exoplanet 
and candidates within 3-day orbits, with the inner most orbital peroid being 0.24 days for system 
KOI-55, corresponding to a location close to its Roche radius (Fig.l). 

A lso, RV detected HJs ap pear to be less massive than more distant planets (|Patzold& Rauej 

I2OO2I : IZucker & Mazehl I2OO2I) . For planets discovered with the RV method, close planets have 
projected masses (M sini) les s than twice Jupiter's mass. But numerous planets farther out have 
Msini > 2Mj ( lUdrv & Santos.,2007.) . 
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2.2.2 Spin-Orbit misalignment 

One of the most fascinating features for HJs is that, s ome HJs have orbits that are misaHgned with 
respect to the spin of their host stars dWinn et al..,201(ilTriaud et al.ll2010) . The sky -projected angle 
between the stellar spin and the planet's orbita l motion can be probed with the Rossiter-McLaughlin 
(RM) effect (iRossited 1 924l:lMcLaughlinl 1 9241). To date, the RM effect has now been m easured for at 



least 4 7 transiting exoplanets (see Winn et al.l2010l Table 1 for a list of 28 planets, and lBrown et al.l 



(I2OI2I) . Table 5 for a list of 19 additional planets, and references therein). Only 7 (HAT-P-6b,HAT- 
P-7b, HATP-164b, WASP-8b,WASP-15b,WASP-17b,WASP-33) of the 47 samples have projected 
angles above 90°, indicating a ratio of ^ 15% th at are in retrograd e motion. It is still not clear what 
type of stars could host HJs in retrograde orbits. Iwinn et al ] |2010l showed that the stars hosting HJs 
with retrograde orbits might have high effective temperatures (> 6250 K). The underlying physics 
remans further study. 



2.2.3 Lack of close companions 



Few companion pl anets have been found in HJ systems within several AU d Wright et al.l 120091 : 
iHebrard etal.ll20ldh . To date, only six RV detected planetary system have multiple planets with the 
inner one being HJs (HIP14810, ups And, HAT-P-13,HD187123,HD21707, HIP 11952 ). Compared 
to the total number of 89 RV detected HJs, the ratio is less than 7%. Interestingly, all these planetary 
companions are in orbits with periods > 140 days. This relative deficit also shows up in the tran- 
sit samples, where most attempts at detecting transit timing variations caused by close companions 
have been unsuccessfu l ( Holman& Murravl2005 ; Ag^ol et al.l2005 ; Rabus etal.l2009l : ICsizmadia etalj 

m 



bOlOHHrudkova et al.ll20roHHaphiphipour & Kirstell201 iHSteffen et al.ll2qi2l) ). Kepler data also re- 
vealed the lack of a close companion in HJ systems. Steffen et al.l ( 2012 ) present the results of a 
search for planetary companions orbiting near HJ candidates in the Kepler data. Special emphasis 
is given to companions between the 2:1 interior and exterior mean-motion resonances(MMRS). A 
photometric transit search excludes the existence of companions with sizes ranging from roughly 
2/3 to 5 times the size of Earth. 



2.3 Multiple Planet systems 

With the increasing number of exoplanets being detected, the number of multiple planet systems 
is also steadily increasing. The first 16 months of Kepler data show that, among the 2321 candi- 
dates, 896 ones are in multiple planet systems, so that 20% of the stars cataloged have multiple 
candidates jBorucki et al.ll2bl it iBatalha et al.ll2012l) . Considering the present observation bias to- 
wards large mass planets, as well as the increasing occurrence rate of small mass planets, we have a 
good reason to believe that multiple planets are very common and might occur at a much higher rate. 
The s ystems that have been revealed with t he most numerous ex oplanets are HD 10180 dLovis et alj 
I2OI ll up to seven planets) and Kepler 1 1 dLissauer et al.ll20TTl with six planets). All of them are 
mainly composed of small mass planets (Super Earth or Neptune mass). Several important signa- 
tures have been revealed by the Kepler mission: 

- Multiple planets have on average smaller masses than single planet systems. Fig. 2 shows the 
paucity of giant planets at short orbital periods in multiple planet systems, and the ratio of giant 
planets (with radius > Gi?®) in single and multiple planet systems is roughly 5.7 : 1, with 
orbital periods of up to ^ 500 days' orbits. 

- Many planet pairs are near MMRs. The pr esence of MMR is a type of strong ev i dence for the 
migra tion history of the planet pairs (e.g.. iLee & Peale1l2002t Izhou et al.ll2005h . IWright et al] 
I2OI ll summarized the data from RV detected planets, and found 20 planetary systems are appar- 
ently in MMRs, indicating one-third of the well-characteried RV multiple planet systems have 
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Fig. 2 The distribution of Kepler candidates in single and multiple planet systems for 



different mass regimes. Data are from |http : //kepler. nasa. gov 



planet pairs in apparent MMRs. lFabrvckv et alj2012l found the Kepler multiple transiting planet 
systems show some pile-up for planets pairs near lower order MMRs (especially 3:2 and 2:1 
MMRs). 

Multiple planet systems are nearly coplanar. Checking the Kepler multiple -transiting system in - 
dicates that these planets are typically coplanar to within a few degrees jBatalha et al.ll2012l) . 
Also the comparison between the Kepler and RV surveys show s that the mean incli nation of 
multi-planet systems is less than 5° (Tremaine & Dong 2012). iFigueira et al.l (1201 2|) demon- 
strated that, in order to match the ratio of single planet systems to the 2-planet ones observed in 
HARPS and Kepler surveys, the distribution of mutual inclinations of multi-planet systems has 
to be of the order of 1°. 



2.4 Planet Formation Theory 

Now it is widely acce pted that planets were formed in the protoplanetary disk during the early stage 
of star formation (e.g. lWetherilllll990t lLissaueii[T99l iLin & Papaloizoulll996t iTutukov & Fedorva I 
I2OI2) . Accordi ng to the conventional core accre tion model, planets are formed through the following 
processes (e.g.. lLissaueill 19931 : lArmitage Il2007h : 

(1) grain condensation in the mid-plane of the gas disk, forming kilometer-sized planetes- 
imals (10^^ — 10^^ g) on time s cales on the order of yrs, from sticking collisions of dust 
dWeidenschilling & Cuzzil 1 19931: IWeidenschilling I Il997h , with gravita tional fragmentation of a 
dense particle sub-di sk near the midplane of the protoplanetary disk jGoldreich & WardI Il973l : 
lYoudin & Shu I I2OO2I) . Further growth of planetesim als can be helped by pro cedures such as th e 
onset of streaming instability (IJohansen et al. Il2007b or vortices in turbulence (|Cuzzi et ai7 2008b . 



or the sweeping of du st with the "snowball" model jXie et al.l 1201 Obi: lOrmel & Kobavashi 
IWindmarket al.l2012l) . 



2OI2I: 
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(2) accretion of planetesimals into planetary embryos (10^^ — 10^^ g, Mercury to Mars size) 
through a phase of "runaway" and "oligarchic" growth on a timescale of ~ 10^ — 10^ yrs 
(lGreenberg etal."l978t IWetherill & Stewart! 1 19891: lAarseth et alJll993t iKokubo & Idalll996l l2000l: 
lRafikovll2003u2004i) . 

(3) gas accretion onto solid embryos with mass bigger than a critical mass lOMm) after a 
~Myrs long quasi-equilibrium stage before gas depletion ( lMizunolll980l : iBodenheimer & PoUackl 
ll986HPollack et al.lll996l:llkoma et al.ll2000h . 

(4) giant impacts between embryos, producing full-sized (10^^ — 10^^ g) terrestrial planets i n 
about 10^ - 10^ yrs dChambers & Wetherill \\l9m iLevison & Agnor 1120031: iKokubo et al. 1 l2006h . 
Thus the presence of big solid embryos and the Ufetime of the gas disk are crucial for the presence 
of giant plants, while the presence of enough heavy element determines the mass of solid embryos 
and terrestrial planets. 

According to the above scenario, the correlation between stars that host giant planets and stel- 
lar metallicity can be understood. By cosmological assumption, a high stellar metallicity implies a 
protoplanety disk with more heavy elements, thus a metal-rich protoplanetary disk enable the rapid 
formation of Earth-mass embryos necessary to form the cores of giant planets before the gaseous 
disk is dissipated. That correlati on might also indicate a lower limit on the amount of solid material 
necessary to form giant planets. IJohnson & Lil (1201 2|) estimated a lower limit of the critical abun- 
dance for planet formation of [Fe/H]cYit ^ —1.5 + log(r/lAU), where r is the distance to the star 
Another key point may be the correlation between metallicity and the lifetime of the gas disk. There 
is observational evidence that the lifetime of circu mstellar disks is s hort at lower metallicity, likely 
due to the great susceptibility to photoevaporation dYasui et aLll2009l) . 

Although the above procedures for single planet formation are relatively clear, there are some 
bottleneck questions (see previous listed reviews). Next, we focus on the formation of orbital archi- 
tectures for different planet systems. 



2.4.1 Formation of Hot Jupiter systems 

Due to the high temperature that might hinder the accretion of gas in forming giant planets, the 
HJs were assumed to be formed in distance orbits rather than formed in situ. There are mainly three 
theories that were proposed to explain the formation of HJ systems with the observed configurations. 

Disk migration model. The earliest model for the formation of HJ systems is the planet migration 
theory embed in protostellar disks (Lin & Papaloizou 1986: Lin et al. 1996i) . Giant planets formed 
in distant orbits, then migrated inward under the planet-disk inte ractions and angular momentum 
exchanges dOoldreich & Tremaine |[T980l: iLin & Papaloizoulll986l) . The so called type II migration 
will be stalled at the inner disk edge truncated by the s tellar magneti c field. The maximum distance 
of disk truncation is estimated to be 9 stellar radii (lKonigllll99ll) . Considering the radius of the 
protostar is generally 2-3 times larger than their counterpart in the main sequence, the inner disk 
truncation would occur at ^ 0.1 AU. This might naturally explain the pileup of orbits with periods of 
3—10 days' for HJs. However, as type II migration is e ffective only in the plane of the disk, and disk's 
tidal forces try to dampen the inclination of planets (iGoldreich & Tremaine |[l980i) . this procedure 
can not explain the formation of HJs i n orbits wi t h high inclination, as well as the lack of planetary 
companions in close orbits. Recently, iLai et al.1 (1201 lb proposed that stellar-disk interaction may 
gradually shift the stellar spin axis away from the disk plane, on a time scale up to Gyrs. 

Planetary scattering model. Another mechanism that might account for the formation of HJ 
systems is the PPS model. Close-encounters among planets can excite their orbital eccentricities (e). 
In the extreme case that e is near unity, the orbital periastron will be small enou gh so that star-planet 
tidal interactions might be effective and circularize the orbits to be come HJs dRasio & Fordlll996l: 
iFord et al. l200ll:rPapaloizou & Terqueml200ltlFord & Rasiol2008b . The planetary scattering model 
can reproduce the observed eccentricity distribution of moderately eccentric (e ~ 0.1 — 0.3), non-HJ 
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extra-solar planets (IZhou at al. IlioOTtlChatteriee et al.ll2008l: lj uric & Tremaine 1l2008h . However, the 
required high eccentricity and the long timescale required for tidal damping be effective might be 
not easy to achieve un less some secular effects (e.g. the Lidov-Kozai mechanism) are excited (e.g., 
iNagasawa eTai]|2008h . 

Secular models. The third class of models relate to the Lidov-Kozai effect (lLidovlll962L iKozail 
1 19621) in the presence of a third body. To account for the high inclination of HJs, IWu & Murray 
( |2003[) proposed that a companion star which is a third body in a high inclination orbit can induce 
Kozai oscillations on the planet's evolution, gradually exciting the planet's orbit to an eccentricity 
near unity so that i t can reach a proximity close to the central star, until tidal dissipation circularizes 
the orbit into a HJ. lFabrvckv & Tremaind ( l2007h found such resulting HJs should be double-peaked 
with orbit al inclinations of ^ 40° and 140°. Such an idea has been extended to brown dwarf com- 
panion bv lNaoz et al. I (l2011al) . 

However, because the population studies hav e established tha t only 10% of HJs c an be explained 
by Kozai migration due to binary companions jWu et al. Il2007t iFabrvckv & Trem aine 2007), but 
studies show that most of the HJ systems do not have stellar or substellar companions. Whether this 
mechanism can account for the formation of most HJs is not known. Another question is that, in 
the stellar companion case {rric, a star or a brown dwarf), the orbital angular momentum (AM) of 
nic dominates that of the system and determines an invariant plane, thus the component of AM 
(perpendicular to the invariant plane) of the planet (nip) is conserved when mc is in a distant orbit. 
Thus nip can be in an apparent retrograde orbit relative to the spin axis of the mai n star only when 
TOe has a relatively large in clination with respect to the equator of the main star dWu et al. 1 120071 : 
iFabrvckv & Tremaing|2007l) . and this retrograde motion is not with respect to the invariant plane 
determined by the total AM. 

To avoid relying on the effects of stars or brown dwarf companions, and also to find the occur- 
rence of retrograde motion relative to the invariant plane, one resorts to the condi t ions un der which 
the Lidov-Kozai mechanism works for planet mass companions (TO^). lNaoz et al. I ( 1201 Ibl) study the 
mechanism with a general three-body model. Denote a, as the semimajor axes of inner planet 
{nip) and companion, respectively, with ec being the eccentricity of vric, they find that as long as 
(aja^ed (1 ^ Gc) not negligible, the octuple-level of the three-body Hamiltonian would be ef- 
fective, so that the z-component of nip in AM is no longer conserved, allowing the occuiTence of 
retrograde motion relative to the invariant plane. Thus , to make a retrograde HJ, a companion in a 
close and eccentric orbit is required, but the mass of the companion is not important. 

However, newly-born planets are assumed to be in near circular and coplanar orbits. To generate 
the required eccentricitv. INagasawa et aklbOOSl [201 ll introduced planet scattering into the above 
pictures. Starting from a relatively compact system (~ 3.6i?ij, Hill's radius) with three Jupiter-mass 
planets, the planets scatter one another on a timescale of ^ 10'^ years. They found ^ 30% of the 
simulations can result in a planet with eccentricity high enough, that Kozai excitations from outer 
planets can become effective, so that it can be either in a close orbit with non-negligible eccentricity, 
or in a highly inclined (even a retrograde orbit) with relatively small eccentricity over a timescale 
of 10^ years. However, it is unclear whether the initial c ondition of a cornpact a nd highly unstable 
planetary system can exist, as required by this theory dMatsumura et al. Il2010l) . Also the scatted 
planets can be observed to test the theory. 

Another route to generate eccentricities other than through violent PPS is the diffusive chaos 
arising from a multiple planet system after it forms. The generation of eccentricity in a mul- 
tiple planet system is a slow, random walk diffusion in the velocit y dispersion spac e, and the 
timescale increases wi th the logarithm of the initial orbital separations ( Zhou at ani2007l) . Recently, 
IWu & Lithwickll201 ll proposed that secular chaos may be excited in an orderly space system, and 
it may lead to natural excitation of the eccentricity and inclination of the inner system, resulting in 
observed HJ systems. They inferred that such a theory can also explain the eccentricities and inclina- 
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tions for distant giant planets. However, to what extent such a mechanism could be effective within 
the age of planetary systems remains for further study. 

To summarize, the Lidov-Kozai mechanism seems to be the most promising mechanism for the 
formation of HJs. Provided that initial eccentricities of the planet's companion can reach high enough 
value, inter planetary Kozai oscillations can bring the inner planets into HJ orbits with sufficiently 
high inclinations. 



2.4.2 Formation of multiple planet architectures and a system of classification 

What should a 'standard' planet system be like? Before answering this question, let us first check 
the possible outcome of a planet system after the formation of individuals by the procedure listed at 
the beginning of section 2.4. 

According to the core accretion scenario, by depleting all the heavy elements in a nearby region 
(called the feeding zone, roughly 10 Hill radii), an e mbryo without a ny migration will be stalled 
from growing, which is a case called an isolatio n massi Ida & Linl2004l) . In a disk with metallicity fd 



times the minimum mass solar nebula(MNSN) (iHavashilligSlir the isolation mass can be estimated 
as (llda & Linll200i Eq.l9) 

« 0.16,fi'fri^rH^r^'M^^ (5) 

where T]ice is the enhancement factor, with a value of 1 and w 4.2 respectively inside and outside the 
snow line ( location with temperature 170K beyond which water is in the form of ice, ^2.7 AU in 
the solar syste m). The time requ ired for the core to accrete nearby materials and become isolated is 
on the order of (llda&Linll2004l Ea.l8) 

T~^ 2 X ^n■5r7-lf"lf-2/5,'_^^_^27/lo^:^^^l/3/:^\-l/6 /r^, 

r-^l.2xWVi^J, (^^y) {^^J yr, (6) 

where fg is the enhancement factor of gas disk over MMSN. So for a typical disk with 2 times the 
MNSN (fd = fg = 2), isolation embryos inside the snow line are small (< IM^), and they can not 
develop. Embryos beyond the snow line can grow to ^ lOM® so that they can accrete gas to form 
gas giants. However, the growth time of embryos with mass IOMq in distant orbits (> 20AU) is 
long (r^ lOMyr at lOAU and lOMyr at 20 AU ). Within a disk with a moderate lifetime of 3 
Myr for classical T-Tauri stars dHaisch et alj|200l"l) , embryos in distant orbits do not have enough 
time to accrete gas, thus they will stall their growth at the mass of a sub-giant mass, like Uranus and 
Neptune in the solar system. 

As the gas disk is depleted, the induced secular resonance sweeps thro ugh the inner region of the 
planetary systems, causing further mergers of c ores (Nagasawa et al.l2003]) . Terrestrial planet formed 



after the gas disk was depleted at ~ 200Mvrs (IChambersll200 iF . After depletion of the gas disk 



a 



debris disk with l eftover cores interacted with giant plants, causing small scale m igration, such as 
in the Nice model dGomes et alj|2005l: iMorbidelli et"alll2005l: iTsiganis et allbOOSh . Thus, assuming 
no giant migrations occurred, the solar system is the basic "standard" multiple planet system. As 
all planetary embryos were formed in near mid-plane of the gas disk, without perturbations in the 
vertical direction, such a standard planet system is nearly coplanar, like many multiple planet systems 
observed by the Kepler mission. 

However, several procedures make the above picture more complicated. One of the most difficult 
task is to understand the migration of embryos or planets embedded in the gas disk before depletion. 
For a sub-Earth protoplanet , the exchanges of angular momentum between it and the nearby gas disk 
will cause a net momentum lose on it, which results in a so-called type I migration over a timesc ale 
on the order of < O.lMyr dOoldreich & Tremaindfl^7llWardfl98all997i:ffanaka et al.ll2002l) . If 
the protoplanet can avoid such disastrous inward migration, and successfully grow massive enough 
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to accrete gas and become a gas giant, the viscous evo lution of the disk rnay ca use the giant planet to 
undergo a type II migration, with a timescale of Mvrs dLin & Papaloizoull986l) . Recent studies infer 
that, under more realistic conditions, the migration speeds of bo th types can be reduce d or even with 
their direction-being reversed, leading to an even rarer outcome iKley & Nelsonll2012l) . 

The evidence for planet migration is the observed systems in MMR. Sinc e 2: 1 MMR has the 
widest resonance width, especially for planetesimals in nearly circular orbits jMurrav & Dermot3 
m any planet pair are expected to show 2: 1 MMRs if they had a history of convergent migra - 
tion (e.g. lRivera etaLlbOloHzhou et al.ll2O10HWang et al.1l20l2HGerlach & Haghighipourll2012h . 
However, Kepler planets give many planets conditions near but not in MMR. This can be understood 
by the phenomenon that later stage planetesimal and planet interactions ma y cause further migrations 
but w ith smaller extensions, causing strict commensurability to be lost dTerquem & Papaloizou. I 
I2OO7I) . Giant planets in MMR migh t be strong enough and s urvive under such perturbations, 
Uke the GJ 876 system dLee & Peale 1 12002; Rivera etal. 2010l: iGerlach & H aghighipour 20l|). 
Hydrodynamical simulations show that different disk geometries might lead the planet pair to ei- 
ther converge nt migration (thus p ossibly the trap of different MMRs), or sometimes to divergent 
migrationslZh ang & ZhoulboiOallbl) . However planet pairs may not necessari ly lead to MMRs con- 



figurations for some dynamical confi gurations (Batvgin & Morbidelii1l2012h . e.g. the resonant re- 
pulsion of planet pairs is discussed bv lLithwick & Wu ( 201 lb . 



The orbital configurations of multiple planet systems incorporat i ng planetary migration have 
been s tudied extensively by populatio n syntheses (e.g ., Ida & LinI 20081 20ld 'Moi'dasi ni et"ar 
l2009allbl) and N-body simulations(e.g. jThommes et al. I I2OO8I iLiu et al.l 1201 ih . IThommes et al. 



(120081) found that for giant planet formation, two timescales are crucial: the lifetime of the gas disk 



Tdisk and the time to form the first gas giant Tgiant - In cases with Tgiant > ^disk, the gas is removed 
before any gas giant has a chance to form, leaving behind systems consisting solely of rocky-icy 
bodies. In cases with Tgiant < ^-disk, suc h systems gener ally produced a number of gas giants that 
migrated inward a considerable distance. iLiu et al.l ( 1201 lb also showed that Tdisk is crucial for form- 
ing planet systems, as large T^isk tends to form more giant planets in close and nearly circular orbits, 
while small Tdisk favors forming planets with small masses in distant and eccentric orbits. 

According to the above theories as well as the currently available observations, the planet sys- 
tems around solar type stars can be roughly classified into the following categories. A detailed clas- 
sification will be presented later( Zhou et al. , in preparation). 



- Class I: Hot Jupiter systems. These might be formed through some secular mechanisms such as 
Lidov-Kozai cycling , as discussed previously. Typical example: 5 1 Peg b. 

- Class II: Standard systems . They are formed either through processes similar to our solar sys- 
tem, or by undergoing some large scale migrations, as mentioned perviously. According to sce- 
narios, they undergo migration, due to the deficit of heavy elements in the gas disk, or due to the 
short lifetime of disk. They can further be classified as, 

- Subclass II-l: Solar-like systems. These have planetary configurations similar to the so- 
lar system: terrestrial planets in the inner part, 2-3 gas giant planets in middle orbits, and 
Neptune-size sub-giants in outer orbits, due to insufficient gas accretion. Typical example: 
Mu Ara, ups And, and HD 1256 12 systems. 

- Subclass II-2: Hot super-Earth systems. With the migration of giant planets, the sweeping 
of inward MMRs or secular resonances will trap the isolated masses (0.1 — IM^), and ex- 
cite their eccentricit ies , causing further mergers, which result in t he formation of hot super 
Earth, like GJ 876d /Zhou et al. 2005: 'Ra ymond et al.ll2006ll2008l) . Other formation scenar- 
ios, see a review (Haghighipour. ,201 1) . Typical example: GJ 876, and Kepler 9 systems. 

- Subclass II-3: Sub-giant planet systems. Due to the low disk mass or low metallicity, planet 
embryos around some stars (especially M dwarf) might not grow massive enough to accrete 
sufficient gas to become a gas giant, thus planets in these systems are generally sub-giants. 
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like most of the systems discovered in lMayor et alJ (l201 lb . Typical example: the Kepler 1 1 
system. 

- Class III. Distant giant systems. Through direct imaging, a type of system was detected with 
many massive companions (up to several times the mass o f of Jupiter) in dista nt orbits, such 
as Fom alhaut b (Kalas et al. 2008) , the HR8799 svstem dMarois et al. 1 12008|) . and beta Pic 
b dLagrange et al. Ii2009b . Interestingly, all these stars have short ages (~ 100 — 300 Myrs). 
Whether the planets were formed in situ through gravitational instabilitv dBoss II 1 997b . or formed 
through outward migration or scattering, is still not clear. Typical examples: Fomalhaut, HR 
8799, and beta Pic systems. 



3 PLANETS IN BINARY STAR SYSTEMS 



3.1 Overview of Observation 



Planets in binaries are of particular interest as most stars are believed to be born not alone but in a 
group, e.g., binaries and multiple stellars systems. Curr ently, the multiplicity rate of solar like stars 
is ~ 4 4 — 46%, including ~ 34 — 38% for only binaries (iDuquennov & MavoJl99lllRaghavan et al.l 
l20I0b . Different resulting values of th e multiplicity rate of p lanet-bearing s tars (compared to all the 
plane t hosts) were found to be 2 3% (iRaghayan et al.ll2006b and ~ 17% dMugrauer & Neuhausej 
l2009b . and most recently - 12% dRoell et al.ll20I2b . The decreasing multiplicity rate is mainly be- 



cause of the quickly increasing number of transiting planets discovered in recent years. For example, 
Kepler has discovered more than 60 planets since 2010, however, followup multiplicity studies on 
such planet hosts are usually postponed or even considered impracticable. In any case, the multiplic- 
ity rate of a planet host is significantly less than the multiplicity rate of stars. This may be because 
of selection biases in planet-detect ion against binary system s and/or because of impacts of binarity 
on planet formation and evolution dEggenberger et alll201 lb . 

De pending on the orbital configuration, planets in binaries are usually divided into two cate- 
gories (iHaghighipour et ai1l2010t lHaghighipourll2010b . S type for planets orbiting around one of 
the stellar binary components, i.e., the circumprimary case, and P type for those orbiting around 
both the stellar binary components, i.e., the circumbin ary case. Currently, mos t of them are S type. 



and o nly a few are found in P typ e, includin g NN Ser dBeuermann e t al. 2010), HW Vir (iLee at al. 
2009b DP Leo dOian et al.l l201ol). HU Aqr dOian et al.ll2O10HHinse et al...2012.) . UZ F or dDai et al 



2011 



2010:lPotteret al 



iWelsh et al 



2011b . Kepler-16 (AB)b, Kepler-34 (AB)b, and Kepler-35 (AB)b dDovle et al 



l2012b . In the following, we will focus more on the former, and a binary system 



hereafter, refers to S type unless explicitly noted otherwise. 

According to the most recent summary of observations (iRoell et al.ll2012b . there are 57 S type 
planet-bearing binary systems^, which, as a subsample of extra-solar planetary systems, may provide 
some significant statistics. Here we summarize several points worth noting. 

1. Binary separation (or orbital semimajor axis, as)- Most S type systems have a as larger 
than 100 AU. However, there see ms to be a pileup a t ub ^20 AU with 4 system s: 7 
Cephei (iHatzes et al. ''2003'), Gl 86 (Oueloz et al. '2000b!), HD 41004 (IZucker et al.ll2004 . and 



HD 1968 85 dCorreia et al. . 2008;.Chauvin et al..,201 1,). Planets ar e slightly less frequent in bina 



ries with ub between 35 and 100 AU ( Eggenberger et alll201 ih . No planet has been found in 



binaries with < 10 AU (excluding P type). 
2. Planetary mass. Planets in wide binaries (as > 100 AU) has a mass range (0.01 — lOMj) that 
is close to those in single star systems but m uch more extended than those (0.1 — lOMj) in close 
binaries (as < 100 AU) (iRoell et al.ll2"012b . 



' In fact, 10 of them are triple stellar systems, but with the third star being very far away and thus exerting less effects on 
the binaries with planets 



Forming Different Planetary Systems 



13 



Planetary multiplicity. Planets in c lose binaries (gg > 100 AU) are all singleton, while those in 
wide binaries are diverse (Fig.3 of iRoell et all ( l2012h ). The occurrence rate of m ultiple planets 
in wide binaries is close to that in single star systems (iDesidera & Barbierill2007h . 
Planetary orbit. Most extremely eccentric planets are found in wider binaries (e.g., e = 0.935 
for HD 80606 b and e = 0.925 for HD 20782 b). The distribution od planet ary eccentricity i n 
binaries also seems to be different compared to those in single star systems ( iKaib et al.ll2012h . 
Planetary orbital periods are sli ghtly smaller in close bin aries as compared to those in wide 
binaries and single star systems jPesidera & Barbierill2007h . 



How are these planets formed with double suns? Are they behaving in a similar way as our solar 
system or other single star systems? In the following, we review some important effects on planet 
formation and evolution in a binary system as compared to those in a single star system, which may 
provide some clues to answer these questions. 



3.2 Binary Effects on a Protoplanetary Disk 

3.2.1 Disk Truncation 

Planets are considered to be born in a protoplanetary disk. Such a disk, in the solar system, could be 
extended to the location of the Kuiper belt, e.g., 30-50 AU from the Sun. But in a binary system, the 
disk could be severely truncated by the companion star. For the S type case, the typical radial size of 
a truncated disk is about 20 — 40% of the binary's separation, depending on the mass ratio and orbital 
eccentricity of the binary. For the P type case, the binary truncates the circumbinary disk by opening 
a gap in the inner region. The typical radial size of the gap is about 2-5 times the binary's separation 
distance. Various empi r ical fo r mulas for estimating the boundary of the truncated disk are given by 
lArtvmowicz & Lubowl (Il994 : iHolman & WiegertI ( Il999l) : iPichardo et all ( |2005H^ . The size range 
of the truncated disk puts the first strict constraint on planet formation, determining where planets 
are allowed to reside and how much material is available for their formation. The reason why no S- 
type planet has been found in binaries with gb < 10 AU could be that the truncated protoplan etary 
disk was too small to have enough material for formation of a giant planet (|jang-Condellll2007l) . 



3.2.2 Disk Distortion 



After the violent truncation process, the left-over, truncated disk, is still subject to strong perturba- 
tions from the companion star, and thus it is not as dynamically quiet as disks around single stars . 
First, a binary in an eccentric orbit can also cause the disk to be eccentric (iPaardekooper et aT1l2008l 
iKlev & Nelsonll2008l iMiiller & Klevll2012b . Second, if the binary orbital plane is misaligned with 
respect to the di sk plane, then binary pe rturbations can cause t he disk to become warped, twisted or 
even disrupted dLarwood et al.i.l996: Fragner & Nelsonll2010l) . Third, the eccentric, warped disk is 
precessing. All the above effects cause planet formation in binary systems to be more complicated 
than that in single star systems. 



3.2.3 Disk Lifetime 

Estimating the lifetime of the protoplanetary disk is crucial as it provides a strong constraint on the 
timescale of planet formation. Obs ervations of disks a round single stars show that the typical disk 
life time is in the range 1-10 Myr (iHaisch et al.ll200lb . Although disks around wide binaries show 
a similar lifetim e, those in close b inaries (as < 40 AU) show evidence of shorter lifetime, i.e., 
^ 0.1 — 1 Myr dCieza et al.ll2009b . Such results are not unexpected as disks in close binaries are 



The boundaries given by iHolman & Wieger3 j 19991) and iPichardo et alj j2005l) are actually the boundaries of stable 
orbits of a test particle. 
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truncated to a much smaller size and thus have much smaller timescales of viscous evolution. In any 
case, such a short disk lifetime requires that planets in close binaries (such as 7 Cephei) should form 
quickly, probably on a timescale less than 1 Myr. 



3.3 Binary Effects on Planet Formation 

We consider planet formation based on the core accretion scenario dLissaue 3ll993HChambersl2004 

0, starting from planetesimals (usually having a radius on the scale of kilometers) embedded in a 
protoplanetary disk. This is the standard way that people con sider planet formation in single star sys- 
tems, though planetesimal formation itself is still unclear (Blum & Wurm 2008; Chiang & Youdi^ 
l2010h . Nevertheless, some observational indications imply that the first stages of planet formation, 

1. e., dust settling and gr owing to planetesimals, could proceed in binaries as well as in single star 
systems jPascucci et alj|20 08). 



3.3.1 Growing Planetesimals 

One straightforward way for growing planetesimals is via mutual collisions and mergers, as long as 
the collisional velocity Vcoi is low enough. For a protoplanetary disk around a single star system, if 
the disk turbulence is weak, e.g., in a dead zone, growth by mutual collisions could be efficient, and 
it is thought that planetesimals have undergone a runaway and oligarchic phase of growth to become 
planetary embryos or protoplanets (Kokubo & Ida 1996, 1998;). However, the situation becomes less 
clear in binary sy stems. On one hand, the outcome of planetesimal-p lanetesimal collision is highly 
sensitive to Vcoi jBenz & Asphaudll999l : [Stewart & Leinhardtll2009l) . On the other hand, perturba- 
tions from a close binary companion can excite planetesimal orbits and increase their mutual impact 
velocities, Vcoi, to values that might exceed their escape velocities or even the critical velocities for 
the onset of eroding collisions dHeppenheime Jl978l:IWhitmire et al.ll998l) . This is a thorny problem 
for those binaries with separation of only ^ 20 AU, such as 7 Cephei and HD 196885. Recently, 
many studies have been perfor med to address this issue. 

An earlier investigation bylM arzari & Scholll (I2OOOI) found that the combination of binary per- 
turbations and local gas damping could force a strong orbital alignment between planetesimal orbits, 
which significantly reduced Vcoi despite relatively high planetesimal ec centricities. This mecha- 
nism was thought to solve the problem of planetesimal growth until iThebault et al.l ( l2006i) found 
the orbital alignment is size-dependent. Planetesimals of different sizes align their orbits to dif- 
ferent orientations, thus Vcoi values between different sized planetesimals are still high enough to 
inhibit planetesimal growth (The bault et al.l (2008, 2009) for S-type, and iMeschi ari (2012) for P 
type). Moreover, the situation would become much more complicated (probably unfavorable) for 
planetesima l growth if t he eccentricity, inclination and precession of the gas disk are also considered 
(ICieciela G e t al. 2( W[ iPaardekooper et al.ll2008t iMarzari et al.l l2009t i Beauge et al.l l2010t IXie et all 



I2OI lllFragner et al.ll20I lllBatvgin et al.ll201 lllZhao et al.l2012l) . Nevertheless, th e problem could be 



somewhat simplified if the effects of a dissipating gas disk are taken into account dXie & Zhoul2008h 
and/or a smaller inclina tion (tg < 10°) be tween the binary orbit and the plane of the protoplane- 
tary disk is considered dXie & Zhoull2009h . Optimistically, plane tesimals may undergo a delayed 
runaway growth mode (called Type II runaway) towards planets dKortenkamp et al]|200lh . In any 
case, however, it seems that planetesimal-planetesimal collision is not an efficient way for growing 
planetesimals in close binary systems. 

An alternative way of growing planetesimals could be via accretion of dust that they pass through 
in the disk. Both analytical studies and simulations dXie et al.ll2010bt IPaardekooper & Leinhardtl 



I2OIOI: IWindmark et al.lG012l) have shown this could be promising to solve the problem of growing 



^ Gravitational instability is another candidate scenario for planet formation in binaries (see iMaver et alj )2O10l) for a 
review) 
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planetesimals not only in binaries but also in single star systems (e.g., the well known "meter-barrier" 
puzzle). For an efficient dust accretion to occur, one needs, first, a source of dust, which could be ei- 
ther from the primordial protoplanetary disk or from fragmentation of planetesimal-pl anetesimal col- 
Usion s, and second, weak disk turbulence to maintain a high volume density of dust dJohansen et alj 
l2008h . 

3.3.2 Formation of Terrestrial and Gaseous Planets 

Once planetesimals grew to 100-1000 km in radius (usually called planetary embryos or protoplan- 
ets), they are no longer as fragile as before. Their own gravity is strong enough to prevent them from 
fragmenting by mutual collisions. In such a case, most collisions lead to mergers and thus growth of 
planetesimals. Hence, one way to speed up growth is by increasing Vcoi, whic h is readi ly available 
in a binar y star^ system. For close bina ries, such as a Centauri AB . simulations ([Barbieri e t al. 2002; 
Ouintan a 2004; Oui ntana & Lissaueill2006t lOuintana et"ai1l2007t iHaghighipour & Raymond 112007 ; 
Guedes et al.ii2008i) have shown that Earth-like planets could be formed in 10-100 Myr. 

If a protoplanet reaches several Earth masses, the critical mass for triggering a runway gas accre- 
tion, before the gas disk is depleted, then it could accrete the surrounding gas to become a gaseous 
planet. Generally, planets would stop gas accretion after they have cleared all the surrounding gas 
and opened a gap. However, because of t he binary pe rturbation, gas could be pushed inward to refill 
the gap and finally accreted by the planet (lKlevl200lb . leading to a higher gas accretion rate and more 
massive gaseous planets. Such an effect could partially explain one of the observed facts: gaseous 
planets in close binaries are slightly more massive than those in single star systems. 

3.4 Binary Effects on Planetary Dynamical Evolution 

3.4.1 With a Gas Disk 

Due to the complication of the problem itself, the studies of this aspect mainly rely on numerical 
simulations. Kley & Nelson (2008) considered the evolution of a low-mass planet (30 Earth masses) 
embedded in a gas disk of the 7 Cephei system (S type). They found that the planet would rapid 
migrate inward and accrete a large fraction of the disk's gas to become a gas gia nt planet, which is 
similar to the observed planet. For the circumbinary case, i.e., P type, simulations (iPierens & NelsonI 
I2007ll2008allbh showed the results were sensitive to planet mass. Low mass planets (tens of Earth 
masses) would successively migrate inward to the inner edge of the gas disk and subsequently merge, 
scatter, and/or lock into a MMR. A high mass planet (> Jupiter mass) would enter a 4:1 resonance 
with the binary, which pumped up the eccentricity of the planet and probably led to instability. The 
model favoring the low mass planet from the simulation is consistent with the recent observation: 
the masses of the three confirmed circumbinary planets (Kepler-16, -34,-35) are all < Saturn's mass. 

3.4.2 Without a Gas Disk 

As the lifetime of the disk, typically < 10 Myr, is only less than 1% of that of a planet (typically on 
the order of Gyr), the subsequent gas free phase could dominate the evolution of planets after they 
have formed. In fact, several mechanisms are found to play an important role in shaping the final 
structure of planetary systems in binaries. 

- Planet-planet scattering. Multiple planets could form in a protoplanetary disk, and because of 
damping from the gas disk , planets could maintain their near circular orbits and thus avoid close 
encounters. Once the gas disk dissipated, planet-planet interaction would excite the eccentric- 
ities of planets, leading to close encounters and finally instability of the systems; e.g., merger 
and/or ejection. Such a mechanism (usually called PPS) is thought to explain the eccentricity dis- 
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tribut ion of observed giant planets dFord & Rasidl2008l: iNagasawa et alJEoOSt IChatterjee et alJ 
I2OO8I) . In a binary sys tem, PPS would be mo re violent because of the additional perturbation 
from the binary stars dMalmberg et al.ll2007al) . In S type binaries (e specially those with close 
separations and highly inclined and/or eccentric orbits), simulations dMarzari et alJ ( l2005h . Xie 
et al. in prep.) have shown that PPS often causes the system to finally have only a single planet, 
and the remaining planet is usually the most massive one. Such results may explain one ob- 
served fact: planets in close binaries are single and massive. In P type binaries, PPS again favors 
a single planet. In addition, it predicts a positive correlation between the planet's orbital semi- 
major axis and eccentricity (Gong et al. in prep.), which currently fit well to the three confirmed 
circumbinary planets (Kepler-16, -34,-35). More P type planets detected in the future will further 
test this correlation. 

- Lidov-Kozai Effect. In an S type binary, if a planet is on a highly inclined orbi{^ then it could 
undergo the Lidov-Kozai effect (jKoza if 1 9621 ; lLidovlll962h . One of the most striking features of 
the effect is that the planet's eccentricity could be pumped to a very high value and oscillate 
with its inclination out of phase. Recently, it has also bee n found that the planet could flip its 
orbit b ack and forth when its eccentricity approaches unity (iLithwick & Naoz1l20l ll : lNaoz et alj 
I2OI lab if the binary orbit is eccentric, hence exhibiting the so called eccentric Lidov-Kozai ef- 
fect. One application of this effect is that it could produce a HJ; when the planet oscillates to very 
high eccentricity, with a very sm all periastron, tides f r om the central star kick in a nd dampen 
its orbits to form a close planet dWu & Murravll2003l : iFabrvckv & Tremainell2007l) . Recently, 
there have been examples of such candidates showing evidence that they are on th e way to be- 
ing HJs via the Lidov-Kozai effect dSocrates et al.ll2012tlDawson & Johnsonl2012l) . In addition, 
as the planet could flip durin g the Lidoy-Kozai evolution, there are significant chances to form 
an HJ in a retrograde orbit dNaoz et aklbOl lal) . which has been observed in some extrasolar 
systems dXriaud et al.ll2O10h . Nevertheless, depending on specific conditions, e.g, if general rel- 
ativistic eff ects and/or pe rturbation by another planet is relevant, the Lidov-Kozai effect can be 
suppressed dTakeda et al.ir2008: .Saleh & Rasio..2009.) . 



3.5 Non-Primordial Scenario 



There is another possibility that a currently observed planet-bearing binary was not the original one 
when the planet was born, namely the non-primordial scenario. Various mechanisms can lead to such 
a result, and we briefly summarize these two kinds as foUows. 



Encounters with other stars and/or planets. A binary star system has a larger collisional cross 
section than a single star and thus a larger chance to have a clos e encounter with other stars, 
during which they could have their planets lost and/or exchanged dPfahlll2005t iMarti & Beaugd 
I2OI2) . In the end, the binaries probably dramatically changed their o rbits, and the surviving 
planets were probably excited to highly ecce ntric and/or inclined orbits dMalmberg et al.ll2007"bt 
ISpurzem et al.ll2009l: lMalmbergetal.ll201l|). In addition, free floating p lanets(FFPs) could be 
recaptured by flyby binary stellar systems ( Perets & Kouwenhovenl2012l) . 
Steller Evolution. If one of the binary component star evolves away from the main sequence, it 
could induce instabilities in the planetary system in the binary. Plan ets could bounce back and 
be forced between the space around the two component binary stars dKratter & Perets Il2012h . If 
a close binary star evolve to some phase to have mass transfer, the mass lost f rom the dono r star 
could form a circumbinary disk, which could potentially harbor new planets dPeretslbOlOl) . 



* This could be either primordial or induced by planet-planet scattering. 
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4 PLANET IN STAR CLUSTERS 



Almost all the planets found now are around field stars. However the normal theory of star forma- 
tion predicts that most field stars are formed from a molecular cloud, having the same initial mass 
function(IMF) as stars(< 3Mq) in an open cluster indicating that these fi eld stars initial ly formed in 
clusters, e.g. our solar system's, initial birth environment was reviewed bv lAdamsl(l2010l) . According 
to the chemical composition of our solar system, our Sun may have formed in an environment with 
thousands of stars, i.e. a star cluster or association. Thus scientists are very interested in planet detec- 
tion in clusters which would be more effective than that around field stars due to many more objects 
existing in the same size of a telescope's field of view. 

To survey planets around stars in a cluster, we have some advantages in obtaining more effective 
and credible results. Some correlations between planets occurrences as well as their properties and 
characteristics of their host stars are not very clear due to the bias of measurements for these field 
stars, such as age, mass, [Fe/H] etc. Large differences among these field stars, especially the type of 
environment in the early stage, is a problem for surveying the correlations. However, in one cluster, 
most of its members have homogeneous physical parameters, i.e. age and [Fe/H]. The comparative 
study of planets in clusters will provide more valid, credible correlations. 

Unfortunately, except for some FFPs, few planets are found to be bounded around members 
of either globular clusters(GCs) or open clusters(OCs). The following sections will introduce the 
observational results and theoretical works in both GCs and OCs respectively. 



4.1 Planets in Globular Clusters 



Because of the fruitful observation results of GCs and the huge number of stars in GCs, especially 
main sequence stars(MSSs), people naturally expect to find planets around these MSSs in GCs. As 
these stars are, on average about 50 times denser than field stars near the Sun, GCs have advantages 
for planet searching. For example, in the two brightest GCs: uj Cen and 47 Tuc, there are more than 
60000 MSSs, approximately half of the total number of Kepler targets. However, the extreme star 
density near the center of GCs (10^ stars within a few arc min), requires an extremely high precision 
of photometry. Until now, it has been hard to individually distinguish two nearby stars in the core of 
GCs. The stars in the outer region of GCs are more widely separated from each other, therefore they 
are more suitable for planet searches. 

The first planet system in GC was found in the nearest GC; M4, PSR B 1620-26 b jBacker et al.l 

Il993b . a 2.5Af j planet around a binary radio pulsar composed with a l.SSM© pulsar and a O.6M0 
white dwarf. However, if we focus on sun-like stars in GCs, no planets have been confirmed until 
now. 

To search for bounded planets around MSSs, some efforts have been made by several groups. 
As the brightest GCs in the sky, 47 Tucanae and uj Centauri are good targ ets for planet s earching by 
transiting. Using HST to find planets in the core of 47 Tucanae, Gillila nd et al.l ( 2000) provided a 
null result. In the oute r halo, the same result was obtained bv lWeldrake et al.l ( 2005b . Furthermore, 
IWeldrakeetaII(l2007h found no bounded planets by transiting in both of the two clusters, under the 
precision of P < 7day, 1.3 — 1.6 Pj. The most recent work s to find planets in the nearby globular 
cluster NGC 6397 is contributed bv lNascimbeni et all (|2012|) . butstill no highly-significant planetary 
candidates have been detected for early-M type cluster members. 

Do the null results in GCs indicate the low occurrence of planets? For some dense star environ- 
ments, the stability of planets is crucial. Although planets at l AU in the core of 47 Tuc ca n only 
survive around lO'^yrs in such a violent dynamical environment dOavies & Sigurdsson. 1l200ll). plan - 
ets at lOAU in the uncrowded halo of GCs can be preserved for several Gvrs (iBonnell et al.. 1200 ll) . 
Therefore HJs with periods around a few days can survive much longer in t he halo. If HJs forme d 
near these cluster members, they would have a chance to be detected in GCs (iFregeau et al.. Il2006l) . 
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Th e null results are mainly attributed to the low metallicity of these GCs. iFischer & Valentil 
( l2005b surveyed planet systems not far from the Sun, and pointed out that the occurrenc e of gas giants 
depends on the metallicity of their host stars. The most recent work by iMortier et alj ( I2OI2I) found 
a frequency of HJs < 1% around metal-poor stars, while the frequency of gas giants is < 2.36% 
around stars with [Fe/ H] < —0. 7. Both 47 Tu c and lo Cen have a low [Fe/H] (respectively -0.78 
and < — 1, from data collected bv lHarrisl(ll996h ). Hence, these two GCs contains few HJs. Higher 
frequencies of giant planet are expected in GCs with higher [Fe/H]. 

Additionally, different properties of a circumstellar gas disk, especially its structure, might in- 
fluence the final architecture of planet systems, e.g. if the gas disk in GCs is depleted much faster 
due to Extreme-Ultraviol et(EUV) and Far-Ultraviolet(FUV) evaporation from nearby massive stars 
jMatsuvama et al..l2003b . formation of gas giants may be unlikely, as well as the formation of a hot 
planet. The different structure of a gas disk might not force the planet to migrate inward enough to 
form hot planets, and naturally they are hard to detect using transit. 

In these old GCs, mass segregation is obvious due to energy equipartition, i.e. massive ob- 
jects concentrate in the center of the cluster while small objects are easily ejected outside. Energy 
equipartition results in FFPs, which might be eje cted to become unbound by some mechanisms 
dParker & Ouan 3 120121: IVeras" & Raymond. 1 l20l2h and have a lower-mass than stars. It is hard for 
FFPs to stay in old GCs. 



4.2 Planets in Open Clusters and Associations 

None of the planets around solar-like stars are found in GCs,because of the reasons mentioned be- 
fore. OCs and associations which still contain lots of MSSs, are also useful for planet searching. The 
main dissimilarities between OCs and GCs are: 

1 . Cluster ages. OCs and associations are much younger than GCs, and have a much larger [Fe/H], 
probably leading to more planets being formed around the cluster members. 

2. The dynamical environments. The dynamical environment in OCs and associations is still less 
violent than that in GCs because of lower star density, which can preserve the two-body systems 
more easily than in GCs. 

3. Binary fraction. The much larger fraction of binary systems in OCs than GCs is a good way to 
understand the formation of planet systems in binary stars. 

Additionally, many more OCs and associations(~ 1200) are observed than GCs ( ^ 160 ) in our 
galaxy. Due to these dissimilarities, a higher probability of planet detection is expected. 

As for the different properties of OCs, surv eyed planets in OCs have their o wn values. Some 
OCs are only a few Myr old, e.g. NGC661 KBonatto et al.. II2006I) and NGC 2244 dBonatto & Bica. I 
l2009h . Their ages are comparable with the timescale of planet formation. Surveying planets and 
circumstellar disks in these very young clusters will provide valuable samples to check and enhance 
the current theories of planet formation, particularly the influences via different environments in 
clusters during the early stages of planet formation. 



4.2. 1 Bounded Planets and Debris Disks 



Many groups ha ve made effort s to sea rch for planets b y transits in OCs: e.g. Bruntt et al] ( l2003h 



in NGC 6791, iBramichetal] ( l2005h in NGC 7789, iRosvick & RobbI (|2006|) in NGC 7086, 
iMocheiska et al.l ( 20061) in NGC 2158, etc. Only few candidates were found but none were con- 
firmed. The most significant progresses were made in 2007. In N GC 2423, a gas giant w ith a min- 
imum mass of 10.6A/j around a 2.AMq red giant was found by iLovis & Mayojl2007l) using RV 
measuremen t. Ano ther planet was soon found soon afterward by RV around the giant star e Tauri 
(TSato et al.n (l2007h ) in the Hyades, the nearest OC, with a minimum mass of 7.6A/j and a period 
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Table 1 Paramet ers of the planets and t h eir host stars in PCs, as we l l as th e ir host clus- 
ter. Da ta are from lLovis & Mavotj(l2007l) : ISato et al..l(l2007h : lHarrisl(ll996l) : IOuinn et al.l 
(1201 2h 



Mp sin i 
(Mj) 


Period 
(day) 


semi-major 
axis (AU) 


ecc 


A'/star 

Mq 


host cluster 


age 
(Gyr) 


[Fe/H] 


dist 
(pc) 


10.6 
7.6 


714.3 
594.9 


2.1 
1.93 


0.21 
0.15 


2.4 
2.7 


AfGC2423 
Hyades 


0.74 
0.6 


0.14 
0.19 


766 
47 



of 595 days. Using transit, some smaller candidates have also been found without RV confirma - 
tion, e.g. a single transit of a candidate l.SlMj in NGC 7789 found bv lBramich et al.l (l2005h . 
which may indicate another exoplanet with a long period. Most recent work by Quinn et al. (2012) 
claims that they found two HJs by RV: Pr0201b and Pr021 lb in Praesepe, these planet are the first 
known HJs in OCs. Parameters describing these planets are listed in Table 1 as well as properties of 
their host cluster. 

Compared with the null results in GCs, the encuraging results of planet searching in OCs confirm 
the formation and survival ability of planets in cluster environment, especially observations of the 
circ umstellar disk in yo ung OCs, which is related to the occurrence of planet formation. 

lHaischeTai1(l200lh showed the fraction of disks in OCs decayed with their ages. Some recent 
results ve rify this correlation: 30 — 35% of T-Tauri stars have a disk in t he a Ori cluster wi th ages 
^ 3 Mvr dHernandez et al.. Il2007h . Using the Chandra X-ray Observatorv. lWang et all (1201 ih found 
a K-excess disk frequency of 3.8 ± 0.7% in the 5 ^ 107'My old cluster: Trumpler 15. 

Although the disk structures around cluster members are not well known, the large fraction of 
gas disk in very young OCs makes the formation of planets possible, especially for gas giants. The 
two confirmed planets found were not HJs, but another two planets found most recently are HJs. 
However, lack of more samples is a big problem in making a credible conclusion and surveying the 
statistical characteristics of planet formation and evolution in OCs. 

4.2.2 Free-Floating Planets 

Ages, metallicity and star density are the main dissimilarities between OCs and GCs. The formation 
of planets in OCs is thought to be common, but few planets bound around stars have been observed. 
However a population of F FPs has been found in OCs. In 2000, iLucas & Rochd (I2OOOI) found a 
population of FFPs in Orion. iBihain et al.l (|2009|) also found three additional FFPs with 4 — 6i\/j in 
the ^ 3 Myr old OC: cr Orions. A huge number (nearly twice t he number around M SSs) of unbound 
planets have been found in the direction of the Galactic Bulge dSumi et al. 7I I20T1I) . 

These planets have multiple origins. They may also form around some clus ter members, but 
were ejected out of the original systems and cruise into clusters dSumi et aL ni20Tll) . Because of their 
young ages, energy equipartition in OCs is less effective than that in GCs. The dissolution timescal e 
for objects to escape from a cluster is tdis ^ 2Myr x j,^^Q^jv) ^ dBaumgardt & Makino. II2OO3I) . 
For a typical OC, with N = 1000 stars at distance Rq = Ikpc, t^is ~ O.lGyr and therefore FFPs 
can still stay in their host clusters for most young OCs. It is hard to find the original host stars of 
these FFPs, but surveying them is still useful for evaluating the frequency of planet formation in OCs 
and GCs. 

4.3 Planetary Systems in Clusters: theoretic works 

The planet occurrent rate including formation rate and stability related with the cluster environment 
is very important for predicting the rate of further observations. From their respective dynamics, the 
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large distinctions between OCs and GCs generally predict more planets in OCs and HJs in halo of 
GCs. 

Dynamical works focus on the stability and orbital architecture of planetary systems in a cluster. 
Considering a fly-by event, the previous works show the stability of planet systems depends on the 
bounded energy of planetary systems, fly-by parameters as well as th e star density of the environ - 
ment, which decides the occurrent rate of a fly-by event (tone k l /n. iBinnev & Tremaine. IflQETh . 
ISpurzem et al.l (l2009b used a strict N-body simulation as well as a Monte Carlo method to survey the 
dynamical characteristics, especially the effective cross section of planetary syste ms with different 
orbital elements in a cluster's gravity field. Adding substructure of a young OC bv iParker & Ouan3 
(I2OI2I) . the fraction of liberated planet depends on the initial sem i-major axis and virial p ar ameter . 
The planet systems in binary systems were also been surveyed bv iMalmberg et all ( 12007 alb l l2009h . 
They considered encounters between a binary system and a single star After obvious changes of the 
inclination, a fraction of planets will suffer the Kozai effect after encounters and consequently show 
instabilities. 

The stability and orbital architecture of multi-planet systems in clusters still need to be surveyed 
in further works, because planet-planet interactions play an important role in deciding the final con- 
figuration of a planet system after fly-bys. The dynamical evolution in clusters is much more complex 
than in a single fly-by. In some very open clusters, the tidal effect can also disrupt planet systems in 
the outer region. The effect of interstellar gas in very young OCs is still uncertain. The fine structure 
of the circumstellar disks still needs to be investigated during the formation of planet systems. 

Planet formation in star clusters must have a strong dependence on the physical and dynamical 
environments of their host stars. The environments in clusters are very different from that around 
field stars, or binary pairs, e.g. the different properties of the circumstellar disk, dynamical instabili- 
ties in different stages during planet formation, as well as the stability of a planetary system after the 
planets are formed. The protoplanet gas disk plays a very important role in the formation of gas giant 
planets. A comparison between the timescale of gas disk dispersion and that of gas giant formation 
is a crucial clue to judge the formation rate of giant planets. On the other hand, the observation of 
circumstellar disks and giant planets (including FFPs) in some very young OCs, can also give a limit 
on the rate that a planetary gas disk is preserved, which is related to the planet formation rate in 
a cluster environment. The distinctions in the different environments for OCs and small bounded 
planet samples in OCs have limited our knowledge about the formation of planets in clusters. 

5 CONCLUSIONS 

With the increasing data of observed exoplanets, the study of orbital architectures for multiple planet 
systems becomes timely. Unlike the relatively mature theory for formation of a single planet (except 
for some bottleneck problems), the properties of planet's architecture is relatively far from clear. 
Dynamical factors, such as interactions among planets, tidal interactions with the host star and a 
protostellar disk, or in some cases perturbations from a third companion (a star or brown dwarf), etc, 
tend to sculpt the orbital evolution and sculpt the final architectures of the planet systems. 

According to our present knowledge, we tentatively classify the planet systems around single 
stars into three major catalogs: HJ systems, standard systems and distanct giant planet systems. 
The standard systems can be further categorized into three sub-types under different circumstances: 
solar-like systems, hot super-Earth systems and sub-giant planet systems. The classification is based 
on the major process that occurred in their history. It may help to predict unseen planets, as well as 
to understand the possible composition of planets, since through the history of their evolution, we 
can judge whether large orbital mixing has occurred. 

Due to the presence of a third companion, planet formation in a binary environment has raised 
some more challenging problems, especially for the stage of planetesimal formation. Anyway, the 
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observed exoplanets around binary stars, especially the circumbinary exoplanets like Kepler 34b and 
35b, indicate that planet formation is a robust procedure around solar type stars. 

Planets in clusters will provide a useful clue for understanding the formation of planets in a 
cluster environment. Although only very limited observational results have been obtained, theories 
can still predict some properties of exoplanets in clusters. Planet samples in some young OCs might 
be especially interesting for revealing the difference between planet formation around field stars and 
members of clusters. 
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